Voriconazole (VRC) is an antifungal drug that effectively treats keratitis caused by yeasts and molds when administered orally. We retrospectively evaluated clinical outcomes and plasma and aqueous humor drug concentrations in five patients with fungal keratitis and one patient with posttraumatic endophthalmitis who were treated with VRC. VRC was administered either topically (1% eye drops every hour) or orally (400 mg twice a day). Plasma and aqueous humor samples from affected eyes were taken 12 h after oral administration or 1 h after eye drop application. The drug concentration was measured by liquid chromatography with UV or mass spectrometric detection. All six patients responded well to VRC treatment. The VRC concentration ranged from 2.93 to 3.40 mg/liter in the aqueous humor and from 3.20 to 4.20 mg/liter in the plasma after combined oral and topical treatment. Topical administration alone resulted in highly variable trough VRC concentrations of 0.61 to 3.30 mg/liter in the aqueous humor. VRC concentrations were above the MIC for Candida albicans Aspergillus fumigatus and clinical improvement was seen in all four patients with C. albicans and A. fumigatus keratitis. Combined orally and topically administered VRC resulted in aqueous humor drug concentrations of >2.93 mg/liter, which is above the VRC MIC for most fungi. Topical VRC treatment resulted in an aqueous humor drug concentration >0.61 mg/liter, which is above the MIC for most Candida species. The results from this small series of patients suggest that both topical and combined systemic and topical VRC therapy can be effective in treating fungal keratitis. Furthermore, the data provide preliminary support for initiation of VRC treatment with a combined topical and systemic administration until the causative fungus and its MIC are identified.
Voriconazole (VRC) is a new, broad-spectrum antifungal agent that is effective against yeasts and molds. Excellent clinical results have been achieved following VRC treatment in cases of fungal keratitis and endophthalmitis caused by Aspergillus spp. (7) , Scedosporium apiospermum (6, 24) , Paecilomyces lilacinus (2) , Candida spp. (4) , and Fusarium spp. (8, 17) .
Administered orally in the absence of inflammatory changes, VRC concentrations in the aqueous humor of 1.13 Ϯ 0.57 mg/liter have been reported after a dose of 400 mg twice within 12 h in humans (5) , which is within the therapeutic range for many fungal isolates (10, 20, 22) . In a human case of fungal keratitis treated with oral VRC 200 mg twice a day (b.i.d.), the aqueous humor concentration of VRC was 1.8 mg/liter (12) .
Due to its small molecular mass (349 Da), VRC appears to be well-suited for topical administration as eye drops. When administered topically to noninflamed rabbit eyes, 0.01% (100 g/ml) VRC eye drops b.i.d. resulted in high aqueous humor drug concentrations with wide ranges (14.56 Ϯ 12.90 mg/liter) (25) . We are unaware of any published reports of VRC con-centrations in human aqueous humor following topical administration. Furthermore, the degree of systemic drug absorption in a topically treated eye is not known.
The goal of this retrospective study was to report plasma and aqueous humor concentrations of VRC in human keratitis patients following topical, oral, and combined treatment regimens.
MATERIALS AND METHODS
Six patients with fungal eye infections that were unresponsive to conventional treatment with fluconazole and amphotericin B were subsequently treated with VRC ( Fig. 1 ). All patients gave their informed consent for a treatment regimen that had not been established at that time and that required ocular drug concentration analysis. Five of the patients were diagnosed with fungal keratitis and one with posttraumatic endophthalmitis. The underlying ocular pathology in individuals with fungal keratitis was corneal foreign bodies (n ϭ 2), a chronic neurotrophic ocular surface problem (n ϭ 1), chronic bullous keratopathy (n ϭ 1), and a contaminated corneal transplant (n ϭ 1). In the absence of therapeutic algorithms, the decision for combined or topical VRC treatment was based on individual clinical judgment (severity of initial corneal infiltrate and visual potential of the affected eye).
Corneal scrapings were obtained from all patients for direct microscopic examination and inoculation of culture medium to identify causative organisms and to determine the MICs of VRC. The treatment regimen for topical therapy consisted of 1% (10 mg/ml) VRC eye drops hourly. The combined topical and systemic administration consisted of a rather high dosage of oral VRC twice daily (400 mg b.i.d., i.e., approximately 6 mg/kg of body weight) and 1% (10 mg/ml) VRC eye drops hourly. Eye drops were prepared by reconstituting lyophilized powder with sterile deionized water. The eye drops were administered every hour by an ophthalmic nurse to ensure maximal compliance and optimal administration.
To assess whether antifungal target MICs were achieved, we measured plasma and aqueous humor concentrations of VRC. In patients who received topical VRC alone, 100-l samples of aqueous humor were obtained at the end of the 1-h dosing interval immediately before administration of the subsequent dose. In patients who received combined oral and topical VRC, samples were obtained at the common trough of both treatment regimens (i.e., 12 h after the previous oral 
240
THIEL ET AL. ANTIMICROB. AGENTS CHEMOTHER.
dose and 60 min after the previous topical administration and just before a subsequent oral and topical dose). To prevent a possible contamination of the needle tip used to sample the aqueous humor by VRC from the tear film, the ocular surface was rinsed four times with balanced salt solution (Alcon, Switzerland) and twice with 1% povidone-iodine prior to sample collection. Samples were immediately frozen and stored at Ϫ20°C. To assess the clinical course, a single ophthalmologist (M.A.T.) examined the patients at regular intervals, and ocular lesions were photographed. Plasma concentrations of VRC were determined by high-performance liquid chromatography as previously reported (16) . Aqueous humor concentrations of VRC were determined using liquid chromatography coupled to mass spectrometry (LC/MS). Briefly, samples were spiked with an internal standard (UK-115794) and directly injected into the LC/MS system. The LC system consisted of a Luna C18 column (3 m; 50 by 2 mm at 40°C) and an isocratic mobile phase using 0.02 M ammonium acetate, including 1% acetic acid and acetonitrile (65:35 vol:vol) at a flow rate of 0.35 ml/min. The injection volume was 10 l. An atmospheric pressure chemical ionization source (4.5 kV; 400°C) was used for ionization, and the mass spectrometer worked in the selected ion-monitoring mode at m/z 350 (VRC, [M ϩ H] ϩ ) and m/z 348 (internal standard, [M ϩ H] ϩ ). The limit of quantification was 0.05 mg/liter, and the calibration range was 0.05 to 10 g/ml. Correlation coefficients were always expressed as r 2 values of Ͼ0.99.
RESULTS
The clinical and microbiological characteristics of all cases are shown in Table 1 . In three patients, fungal cultures from corneal scrapings revealed Candida albicans with an MIC of Ͻ0.008 mg/liter for VRC. One case revealed Aspergillus fumigatus with an MIC of 0.25 mg/liter. In another case, fungal cultures remained negative despite corneal smears being positive for fungi by periodic acid-Schiff staining. Cultures also remained negative in a case of exogenous endophthalmitis that was assumed to be of fungal etiology. All corneal infiltrates regressed within 2 to 6 weeks of initiation of VRC treatment.
After 5 weeks of combined oral and topical VRC, treatment in case 1 (A. fumigatus) was reduced to topical treatment only. Despite aqueous humor VRC concentrations of 0.61 mg/liter, which exceeded the MIC (0.25 mg/liter), the exacerbation of stromal keratitis was noted after 2 weeks of topical treatment alone. However, the keratitis regressed following reintroduction of oral VRC. After 7 months of continuous oral VRC, the antifungal treatment was stopped and the eye remained quiet. A corneal transplant was performed 1 year later.
In case 2, a patient who had received a corneal transplant contaminated with Candida albicans (MIC Ͻ 0.008 mg/liter), the initial response to topical VRC treatment was positive, but due to concerns about the recurrence that was observed in case 1, an oral regimen of VRC was instituted. The eye remained stable after 4 months of treatment, and the patient received a second corneal graft for optical rehabilitation.
The patient in case 3, a farmer presenting with endophthalmitis of suspected fungal etiology, received a vitrectomy with amphotericin B irrigation followed by oral VRC (400 mg b.i.d.) and hourly VRC eye drops. The vitreoretinal inflammation regressed, and after 4 days, a small intraretinal foreign body was discovered. The patient underwent a second vitrectomy for the removal of the foreign body. Subsequently, the eye became quiet within 3 days and VRC treatment was stopped after 1 week.
In case 4, a patient with neurotrophic keratitis superinfected with C. albicans (MIC Ͻ 0.008 mg/liter), treatment with topical VRC alone was successful and was discontinued after 6 weeks. However, 2 months after recovery from the Candida infection, bacterial keratitis necessitated the evisceration of the previously blind eye. Histology and microbiology of the eviscerated eye confirmed complete fungal eradication. In case 5, a patient with a foreign body injury and corneal smears positive for fungi by periodic acid-Schiff staining, the corneal infiltrates initially enlarged despite intensive topical VRC treatment. Microbiological cultures remained negative. After 6 weeks of a combined antibacterial and antifungal treatment (hourly topical 0.3% ofloxacin and topical 1% VRC), the eye became quiet and VRC treatment was stopped 2 weeks later.
In case 6, a patient with bullous keratopathy superinfected with C. albicans (MIC Ͻ 0.008 mg/liter), the corneal infiltrates regressed under topical treatment alone. However, the cornea had to be covered with a conjunctival flap because of persistent epithelial surface problems. VRC treatment was stopped at the time of surgery, and the eye remained quiet thereafter.
Plasma and aqueous humor concentrations of VRC are summarized in Table 1 . VRC was detectable in the aqueous humor of all patients. Combined oral and topical administration of 400 mg b.i.d. and hourly 1% eye drops resulted in aqueous humor drug concentrations of 2.93 and 3.40 mg/ liter. Topical administration of 1% VRC eye drops resulted in aqueous humor drug concentrations of 0.61 to 3.30 mg/ liter (median, 0.95 mg/liter), with no detectable VRC in the plasma of the three cases tested. The size of the fungal ulcer and the epithelial defect had no obvious effect on VRC penetration into the anterior chamber after topical administration (Table 1 ). However, the route of administration seemed to be important because the highest concentration (3.40 mg/liter) was found in case 1, a patient who received both oral and topical VRC. In this patient, aqueous humor VRC concentrations were higher during periods of combined treatment than during periods of topical treatment alone (0.61 mg/liter).
Three of the patients who received oral treatment reported minor visual sensations (e.g., flashes) that did not require any change in the treatment regimen. Two patients with long-term oral VRC treatment complained of light-induced skin rashes after 4 and 7 months of treatment. The rashes disappeared within 2 weeks of discontinuation of oral VRC.
DISCUSSION
The clinical context of this study is characterized by the presence of a serious fungal infection, the failure of conventional therapy regimens, and the administration of an alternative therapy whose efficacy has not yet been established and validated. Since the number of patients included was small, only preliminary conclusions can be drawn.
In the five patients with fungal keratitis, VRC drug concentrations in the aqueous humor following combined oral and topical administration exceeded the MIC for common fungi, particularly Candida. In these patients, VRC concentrations in the aqueous humor were 85 and 90% of the corresponding VRC concentration in plasma. This exceeds the VRC concentrations of 52 and 53% reported in two previously published, single-case reports using oral treatment alone (7, 12) . Aqueous humor drug concentrations in our patients were considerably higher than those reported in patients with noninflamed eyes who received 400 mg VRC twice within 12 h (1.13 Ϯ 0.57 mg/liter) (5) . These differences in intraocular drug concentration may be due to the inflamed states of the eyes in our study. The inflammation may have disturbed the blood-eye barrier and allowed the drug to penetrate more readily from the iris vessels into the aqueous humor. An alternative explanation for the higher drug concentrations in our study is that the measurements in our population were performed after repeated drug administration for at least 36 h, allowing more time for drug distribution.
Therapeutic target tissue concentrations are not established for VRC, and also the therapeutic range in plasma is not well defined. Earlier studies in patients with Candida infection, a fungus rather sensitive to VRC, revealed no evidence for a relationship between plasma VRC and effectiveness (9), possibly because VRC concentrations in current treatment regimens consistently reach maximum effective concentrations for Candida. However, for patients with a progression of fungal infections with higher MIC (i.e., Aspergillus, Scedosporium, and Blastomyces), a recent retrospective study suggested that the outcome is worse if plasma trough concentrations do not exceed 2 mg/liter (21) . Hence, higher plasma (and tissue) VRC concentrations are desired in the treatment of the most challenging fungal infections.
Clinical improvement was observed in all five keratitis patients after switching to VRC, which is in agreement with previous reports (4, 6, 7, 24) . In our study, patients received an oral dose of 400 mg VRC b.i.d., which is a relatively high maintenance dose. We selected the dose of 400 mg VRC b.i.d. because, with this dose, VRC aqueous humor concentrations exceeding MICs for Aspergillus have been reported (5) and because higher-than-regular doses have been reported to be effective for treating fungal infections in the central nervous system (11, 18) . As the blood-eye barrier is as effective as the blood-brain barrier in drug exclusion, the high VRC dose was selected as a rescue regimen in these potentially blinding infections.
VRC eye drops, prepared as recommended for intravenous drug application, were tolerated by all patients. When VRC was administered topically, aqueous humor drug concentrations were more variable and generally lower than after combined oral and topical treatment but still in excess of the MIC of VRC for C. albicans (0.008 mg/liter). As expected, the quantity of drug administered topically did not result in detectable circulating VRC concentrations. A regimen of hourly eye drop administration was chosen according to an earlier experience with fluconazole (1). In the present study, all patients were treated as inpatients and VRC eye drops were administered by an ophthalmic nurse to ensure maximal compliance. For the treatment of fungi, such as A. fumigatus (MIC, 0.25 to 0.5 mg/liter), Fusarium solani (MIC, 4.0 mg/liter), or Scedosporium spp. (MICs, 0.25 and 4.0 mg/liter), the drug concentration recorded within the aqueous humor after topical administration alone may not reliably achieve the required MIC (3, 19) . Therefore, it is reasonable to initiate treatment of suspected fungal keratitis with oral or combined oral and topical administration of VRC. Once the causative fungal strain has been identified and its MIC determined, treatment may be reduced to topical VRC alone if topical eye solutions are available and adherence to the demanding regimen is guaranteed. Systemic 242 THIEL ET AL. ANTIMICROB. AGENTS CHEMOTHER.
VRC is more expensive but also more convenient for patients due to the ease of administration (b.i.d. versus every hour). As with other antifungal drugs, the duration of treatment depends primarily on the severity of the keratitis and the individual clinical response. Drug concentrations in the aqueous humor following hourly administration of 1% VRC eye drops were 10 to 15 times lower than drug concentrations in healthy rabbit eyes after treatment with a VRC solution that was 100 times less concentrated (i.e., 100 g/ml b.i.d.) (25) . This difference in intraocular drug bioavailability suggests that it is not feasible to extrapolate ocular penetration data from animal experiments to human situations. Moreover, because rabbits have a very low blink rate and a large epithelial surface (nictitating membrane), the penetration of lipophilic and nonirritating drugs like VRC may be facilitated. Furthermore, it is not clear that the ocular surface in the experimental rabbit study was flushed as thoroughly as in our patients prior to sampling, and contamination with VRC may have occurred, resulting in apparently high ocular concentrations.
In humans, the corneal epithelium prevents the penetration of certain antifungal drugs and the removal of the surface epithelium is recommended to improve the penetration of drugs such as amphotericin B (13, 14) . In the present study, VRC concentrations in the aqueous humor depended neither on the size of the epithelial defect (Table 1) nor on epithelial removal, which was performed repeatedly with case 2. This suggests that epithelial debridement is not necessary for VRC penetration. This advantage of VRC eye drops may be explained by the fact that VRC is a rather small, lipophilic molecule (molecular mass, 349 Da; degree of lipophilicity [log P], 1.8) with a maximal water solubility of 0.2 mg/ml and a large volume of distribution. To increase water solubility to 20 mg/ ml, the commercially available intravenous drug solution is formulated with sulfobutyl ether-␤-cyclodextrin (Captisol; CyDex, Inc., KS). Sulfobutyl ether-␤-cyclodextrin is a large molecule (molecular mass, 2,163 Da) that binds lipophilic drugs in its center (15, 23) . Upon intravenous administration, the active drug molecule dissociates from the sulfobutyl ether-␤-cyclodextrin carrier. When VRC is administered to corneas with intact epithelium, it is likely that VRC dissociates from the cyclodextrin carrier in the tear film, which enables VRC to penetrate the cornea by taking advantage of its own lipophilicity. In the case of a large epithelial defect, VRC is expected to penetrate more rapidly than an antifungal like amphotericin B because of its smaller size. In the case of an epithelial defect, even the nondissociated VRC-sulfobutyl ether-␤-cyclodextrin complex is small enough to penetrate the corneal stroma. Therefore, it could be hypothesized that the VRC concentration in the corneal stroma of the five patients with documented or suspected fungal keratitis was higher than that in the aqueous humor where the drug and its carrier dissociate.
In summary, in all five cases, fungal keratitis resolved after the introduction of VRC. In contrast to amphotericin B, corneal penetration of topically administered VRC did not depend on the state of the epithelial surface. However, intraocular drug concentration following topical administration of VRC alone may be below the MIC required for the treatment of less susceptible fungi. Therefore, initial therapy with combined oral and topical administration of VRC is recommended until the causative fungus and its MIC are identified.
